on behalf of the German-Dutch Ross Registry
T he Ross operation is an acceptable alternative to conventional aortic valve replacement in selected patients. Advantages of this therapeutic option are the use of the patients' own valve with favorable hemodynamic characteristics, avoidance of anticoagulant therapy, low thrombogenicity, and the potential to grow in children. Factors contributing to a limited acceptance are the complexity of the operation and the necessity of replacing both the aortic and pulmonary valves. In addition, little clinical long-term information is available regarding the durability of the autograft in the aortic position and the durability of pulmonary conduit substitute. After a renewal of interest in this procedure in the early 1990s, longer-term results are beginning to emerge, focusing mainly on the durability of the procedure and the valve substitutes. However, data on other major cardiac or cerebrovascular events in this patient population remain sparse, coming mainly from small single-center reports with limited follow-up durations. Using data from the large patient population of the German-Dutch Ross Registry, we sought to report on major cardiac or cerebrovascular events observed in 1620 Ross-operated patients over a follow-up of 10 747 patient-years. We believe that the data presented herein could provide a basis for the further judgment of this procedure and could assist physician-patient discussion about the risks, benefits, and expectations after the Ross procedure.
Patients and Methods

Study Population and Operative Data
The German-Dutch Ross Registry includes data from 12 departments of cardiac surgery since 1988 and the systematic prospective registry that was started in January 2002 (Clinical trial ID NCT 00708409). The study database was frozen in November 2009 and, for the purposes of the present report, all events until December 31, 2008 were analyzed. A total of 1620 patients were included in the database and their baseline and follow-up data were analyzed. The responsible surgeon at each center determined the surgical technique (subcoronary; root replacement with or without additional reinforcement procedures). A small subgroup of 30 patients undergoing operation with the root inclusion technique was included in the subcoronary group to create a group with all native root-preserving procedures. Details of the operative techniques and the reasons behind the inclusion of the root inclusion technique patients in the subcoronary group and the separate analysis of the root replacement technique patients with and without reinforcements have been reported previously. [1] [2] [3] [4] Informed consent was obtained from all patients; the study was approved by the local ethics committee and the authors had full access to and take full responsibility for the integrity of the data and the present article.
Clinical Follow-Up
Clinical follow-up was performed at discharge and on a yearly basis. As a result of the different regional provenance of the patients and to support adherence to the program, complete clinical examinations from the referring cardiologists or general practitioners were also accepted. Major adverse cardiac and cerebrovascular events were reported according to the 2008 guidelines. 5 All indications for autograft or pulmonary conduit reoperations were in accordance with the American College of Cardiology/American Heart Association guidelines.
Statistical Analysis
The adult and the pediatric population (younger than 16 years) of the Registry are analyzed and reported separately. The cut-off point of 16 years was chosen because at this age the patients are regarded as adults and the technical aspects of the procedure are those of the adult population. Frequencies are given as absolute numbers and percentages. Continuous data are expressed as the meanϮSD. Actuarial estimates of survival and freedom from morbid events are made using the Kaplan-Meier method. The survival time of a patient started at the time of surgery and ended at death (event) or at last follow-up (censoring). The long-term survival characteristics of the patient cohort were compared with survival probabilities of the general population obtained from German Life Tables 2005 (Statistisches Bundesamt, Wiesbaden Germany; http://www.destatis.de) and Dutch Life Tables 2008 (http://www.cbs.nl/L-NL/menu/home/ default.htm). The contribution of every patient's follow-up time within each age year is added to obtain the cumulative number of years at risk in each age year for the whole study population. Thereafter, the expected number of deaths (assuming their death rates were the same as the national figure) in each age year is found by multiplying the numbers of years at risk by the age-and gender-matched hazard provided by the life tables. The expected deaths for each age year are added to calculate the total expected deaths in the patient collective. The survival times were simulated based on the patients' ages and genders but using the life table hazard rates in the simulation. If the simulated time until death exceeds the follow-up time for the corresponding patient, then the follow-up time is recorded and the value is regarded as censored. A Kaplan-Meier curve is fitted to the simulated times. This procedure was repeated enough times and an average curve was calculated and was compared to the Kaplan-Meier survival curve of the actual data. For the various operative technique groups, the instantaneous risk for reoperation was also calculated.
To identify predictive variables for shorter time to reoperation of the autograft or allograft, we performed univariate analyses using the Cox proportional hazard regression model. Multivariate Cox proportional hazard models were used to confirm whether significant (PՅ0.10) univariate predictors persisted in the presence of preoperative variables. The presence of interaction and the proportionality of hazards assumption were checked in the final model. The following factors were analyzed as potential risk factors for death or autograft or allograft reoperation: age, year of surgery, gender, presence of comorbidities (diabetes, hypertension, renal failure, coronary artery disease, pulmonary disease, peripheral vascular disease), previous cardiac surgery, preoperative hemodynamics, aortic valve morphology, and homograft donor parameters (diameter, donor recipient age and blood group mismatch, cryopreservation).
Results
Study Population
Patients, characteristics and operative data are listed in Table 1 . Follow-up completeness was 95%, with a mean follow-up of 6.6Ϯ4.2 years (range, 0 -20.3 years) with 10 747 patient-years.
Survival
All-cause early (Ͻ30 days) mortality was 1.2% (nϭ19). Allcause late (Ͼ30 days) mortality was 58 (3.6%; 0.54%/patientyear): 34 (0.32%/patient-year) cardiac deaths, 22 noncardiac deaths (0.20%/patient-year), and 2 unknown. Valve-related mortality was 1.2% (20 patients; 0.19%/patient-year). Actuarial cumulative overall survival (including early mortality) for adults was 98.6% at 1 year (95% confidence interval (CI), 98.0%-99.2%), 96.9% at 5 years (95% CI, 95.2%-97.9%), and 94.7 at 10 years (95% CI, 93.1%-93.6%); for children it was 95.0% at 1 year (95% CI, 92.1%-97.9%), 94.4% at 5 years (95% CI, 91.3%-97.5%), and 92.5% at 10 years (95% CI, 88.4%-96.6%).
Actual vs Expected Death Rate
In this comparison, all patients with follow-up Ͼ30 days were included. Observed fatal events were compared with the expected deaths in the age-and gender-matched general German and Dutch populations ( Table 2 ). The Kaplan-Meier actuarial estimates and the estimates of expected survival for the adult and the pediatric populations are displayed in Figures 1 and 2 
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Reoperation Including Endocarditis
One hundred sixty reoperations on Ross-related valves (pulmonary autograft, pulmonary conduit) were required in 137 patients (8.5%; 1.49%/patient-year); the time interval between the initial procedure and the first reoperation was 5.7Ϯ4.7 years (range, 0.0 -16.3 years; median, 4.9 years). Ninety-three patients underwent 99 reinterventions on the autograft (5.7%; (linearized occurrence rates [LOR], 0.92%/ patient-year). Seventy-eight interventions in 63 patients were performed on the pulmonary conduit (3.9%; LOR, 0.72%/ patient-year). Of these, 17 procedures with simultaneous autograft and pulmonary conduit interventions were performed in 17 patients. Table 3 summarizes the indications for 99 autograft reinterventions (including 17 cases of interventions on the autograft and pulmonary conduit). The autograft reoperation procedures (time to first reoperation) were performed 0 to 16.3 years (mean, 6.6Ϯ4.9 years; median, 6.8 years) after the initial Ross operation. In 47 patients a mechanical valve was used, in 14 a bioprosthesis was used, and in 6 a homograft was implanted; in 23 patients, an autograft reconstruction was performed. Freedom from reoperation on the autograft and the instantaneous risk of reoperation in children are displayed in Figure 3 ; the estimates in adults for the different surgical techniques are shown in Figure 4 . The univariate Cox proportional hazard model showed evidence that in age group Table 4 .
Indications for the 78 reinterventions on the pulmonary conduit (including 17 patients with replacement of the autograft and pulmonary conduit) are presented in Table 3 . The pulmonary conduit reoperation procedures (time to first reoperation) were performed from 0 to 16.3 years (mean, 4.7Ϯ4.4 years; median, 2.7 years) after the initial Ross operation. No percutaneous procedures were performed. Freedom from reoperation on the pulmonary conduit and the instantaneous risk of reoperation are displayed in Figure 5 . The univariate Cox proportional hazard model showed evidence that the younger patient age (HR, 0.97 per year; 95% CI, 0.95-0.98; PϽ0.0001), younger donor age (HR, 0.96 per year; 95% CI, 0.94 -0.98; Pϭ0.0001), absolute age difference between donor and patient (HR per year, 1.06; 95% CI, 1.002-1.048; Pϭ0.032), smaller allograft diameters (HR per mm, 0.87; 95% CI, 0.800 -0.95; Pϭ0.0012) were associated with shorter times to allograft reoperation. The multivariable model is displayed in Table 4 . Freedom from autograft and pulmonary conduit reoperation and the instantaneous risk of reoperation are displayed in Figure 6 . All patients survived the reoperation on Ross-related valves and were alive at the date of the last follow-up inquiry.
Infective Endocarditis
Four early endocarditis occurred. Late endocarditis with medical (nϭ16) or surgical treatment (nϭ29) was observed in 38 patients (2.3%; LOR, 0.38%/patient-year). Overall, 18 autograft reoperations attributable to endocarditis were performed (1.1%; LOR, 0.18%/patient-year). Pulmonary conduit endocarditis with medical (nϭ11) or surgical treatment (nϭ15) occurred in 24 patients (1.5%; LOR, 0.26%/patient-year).
Thrombosis and Bleeding
Valve-related thrombotic and thromboembolic events occurred in 21 patients (Table 3) . Major internal or external bleeding occurred in 17 patients (1.05%; LOR, 0.15%/ patient-year). A total of 38 patients experienced the composite end point of thrombosis, embolism, or bleeding (2.3%; LOR, 0.35%/patient-year).
Major Adverse Valve-Related Events
Overall freedom from any major valve-related event (all valve-related mortality; valve-related morbidity: structural and nonstructural valve dysfunction with the need of reoperation, thrombosis, bleeding, embolism, neurological events, endocarditis, and the need for pacemaker implantation within 14 days after operation) was 94.9% at 1 year (95% CI, 95.9%-93.9%), 90.7% at 5 years (95% CI, 92.3%-89.1%), and 82.5% at 10 years (95% CI, 85.0%-80.0%).
Discussion
The prospective German-Dutch Ross Registry with a considerable number of patients, good midterm follow-up completeness, and follow-up time of Ͼ10 000 patient-years offers the opportunity to address key question of major cardiac and cerebrovascular events. 
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Survival in the Pediatric Population
In most case-series studies addressing the survival of pediatric patients, encouraging results have been published. In the series published by Elkins et al, 6 actuarial survival at 8 years was 97%, 7 and their updated series showed an actuarial survival of 92% at 12 years. 8 Kouchoukos et al 9 showed a 10-year actuarial survival of 96%, and in a systematic review the pooled outcome estimate for late mortality in pediatric series was 0.62%/patient-year. 10 The reported numbers are similar to the actuarial survival in the registry with 94.4% at 5 years and 92.5% at 13 years. After excluding the early mortality, a comparison to the expected survival based on national hazard rates revealed significant differences, with lower observed patient survival mainly attributable to fatalities occurring within the first year after the procedure. These results are inferior to the results in adult patients. In contrast to adult Ross patients, pediatric patients are more often critically ill, and almost all undergo the procedure after failing previous interventions for congenital aortic stenosis. Furthermore, these patients are more likely to present with complex left ventricular disease and other associated anomalies.
Survival in the Adult Population
In the adult population of the Registry, the observed 94.9% 10-year actuarial survival estimate is comparable to the estimates reported in other large series 8 and to the pooled outcome survival estimates of a recently published meta-analysis (0.64%/patient-year 10 ). After the initial survival decrease associated with in-hospital mortality, the observed survival parallels the expected survival calculated from the national hazard rates. Excluding all early fatalities (within 30 days of the initial operation), no significant differences in survival could be observed between the adult Ross patients and the normal population, a fact that underlines the overall good 
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prognosis of the adult Ross-operated patients, after overcoming the early postoperative hazard.
Reoperations on the Autograft Excluding Endocarditis
The estimates of structural and nonstructural autograft deterioration (LOR) with the need for reoperation in pediatric patients is reported to range between 0.24% and 2.82% per patient-year, with a pooled mean of 1.38% per patient-year. 10 In contrast, in the present pediatric series reoperations on the autograft are rare within the first decade with an actuarial freedom from reoperation of 100% at 5 years and 97.9% at 10 years, respectively, reflecting a LOR of 0.40% per patientyear. However, graft failure may become apparent thereafter. This is in accordance with an actuarial estimate of 93.8% at 13 years in our series, which is also supported by the data of the series published by Elkins et al. 8, 11 Aortic regurgitation was the leading cause of reoperation based on nonstructural valve failure with root dilatation; other indications were rare in this pediatric series (no structural valve deterioration, infective endocarditis in 1). The dilatation of the autograft must be prevented to improve the durability of the neoaortic root. In adults and adolescents, this could be effectively achieved by applying reinforcement techniques or by the use of the subcoronary implantation technique. 2 The routine use of reinforcement techniques or other implantation techniques failed to improve autograft durability 12 or was not applicable, especially in small children. Additionally, the growth potential of the neoaortic root is one of the major advantages of the Ross procedure, which will be unfavorably influenced by all available stabilizing measures. 7, 13 This limitation and the necessity of reoperation attributable to outgrowth are still an unsolved issue in the pediatric patient undergoing Ross procedure.
In adult patients, the pooled estimates of structural and nonstructural autograft deterioration with the need for reoperation was reported to range between 0.15% and 1.90% per patient-year, with a pooled mean of 0.78% per patient-year. 10 These estimates are congruent with the present actuarial freedom from reoperation probability of 97.6% at 5 years and 93.7% at 10 years, reflecting a linearized rate of 0.74% per patient-year. The actuarial data are convincing up to 12 years; beyond this cut-off point, no robust data are available. Because the definition of autograft failure differs in numerous reports in literature, comparisons with other series are limited 8 and thus we restricted our estimates on the hard end point "reoperation." Aortic regurgitation was the leading cause of reoperation in 90% of all reoperations. The mechanisms of graft failure differs between the surgical implantation techniques; autograft procedures as root replacements without reinforcement interventions are prone to nonstructural valve deterioration caused by root dilatation in 41 of 47 (LOR, 1.82%/patient-year), whereas root replacement with reinforcement (LOR, 0.32%/patient-year) or the subcoronary technique (LOR, 0.48%/patient-year) revealed dilated root with the need for reoperation only in 2 of 8 and 0, respectively. The practical benefit of stabilization measures at the annular level of the neoaortic root has been reported previously based on the large database of the registry. 2 The leading cause of autograft valve failure with the need for reoperation in the subcoronary group is structural valve deterioration (80% of all reoperations), mainly as cusp prolapse (69% of all structural valve deteriorations). This problem remains a surgical challenge in the subcoronary implantation technique. Additionally, our data suggest that patients with primary aortic regurgitation have an increased risk for autograft failure and might have an increased risk for reoperation. This potential limitation of the procedure is apparent in the pediatric and adult populations and has been reported by various groups. 8 
Reoperation on the Pulmonary Conduit Excluding Endocarditis
For the combined end point structural and nonstructural degeneration of the pulmonary conduit with the need for reoperation in pediatric patients, a LOR between 0.40% and 4.9% per patient-year (pooled mean, 1.6%/ patient-year) was estimated. 10 In accordance with this meta-analysis, we also observed an apparently higher reoperation rate of the pulmonary conduit compared to autograft reoperations. The present series revealed actuarial estimates of freedom from conduit reoperation of 90.6% at 5 years and 87.1% at 10 years, respectively, which correspond to a LOR of 1.32% per patient-year. As in other series, the predominant indication for reoperation of the pulmonary conduit was stenosis (57%). Pure regurgitation is uncommon (12%). Several predictors of conduit failure have been reported; 14 -19 however, most of them cannot be taken into clinical consideration because of the limited availability of donor grafts.
In the adult population, the LOR estimates of structural and nonstructural pulmonary conduit deterioration with the need for reoperation has been reported to range between 0.12% and 1.27% per patient-year (pooled mean, 0.55%/patient-year). 10 The present actuarial freedom from pulmonary conduit reoperation probability of 99.0% at 5 years and 97.0% at 10 years results in a linearized rate of 0.30% per patient-year. In most cases, a pulmonary allograft was the first choice for reconstruction of the right ventricular outflow tract. Similar to the pediatric population, predictors of pulmonary conduit failure in multivariate analyses could hardly be considered in the choice of the graft.
Autograft and Pulmonary Conduit Endocarditis
The observed numbers of autograft endocarditis in the present series are low, with a LOR in the pediatric patients of 0.07% per patient-year (compared to a pooled mean estimate of 0.15%/patient-year 10 ); pediatric pulmonary conduit endocarditis was seen with LOR of 0.40% per patient-year (pooled mean estimate, 0.26%/patient-year). In our adult series, autograft and pulmonary conduit endocarditis are similar to that reported by Takkenberg et al. 10 Although the absolute numbers are low, it must be emphasized that 15% of all autograft reoperations and 20% of all pulmonary conduit reoperations were caused by infective endocarditis. All cases of endocarditis during follow-up were unrelated to active aortic valve endocarditis before the procedure supporting the use of the Ross operation for treating patients with infective endocarditis of the aortic valve. In most cases, precipitating factors (hematologic disorders, corticosteroid therapy, diabetes mellitus, drug or alcohol abuse) could be identified. 
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Thrombosis, Thromboembolism, and Bleeding
Valve thrombosis, thromboembolism, and bleeding events are uncommon in patients who underwent the Ross procedure. The LOR of 0.18% per year in the pediatric series and 0.35% per patient-year in the adults (normal adult population, 0.13%/patient-year) are identical with the reported pooled data. 10 Especially in the adult series, the composite event related more to other cardiac and extracardiac factors than to the valve itself (eg, embolism in atrial fibrillation, anticoagulation-related bleedings).
Limitations
The 
Conclusion
The present series confirms that the autograft procedure is a valuable option to treat aortic valve disease in children, adolescents, and young adults. Preoperative aortic regurgitation and the nonreinforced full root technique are predictors for autograft reoperation and require special consideration.
